2013), which may further contribute to the development of maladaptive drug-context associations (Kutlu and Gould, 2016) . Recent studies have supported the crucial role of hippocampal dentate gyrus (DG) in drug acquisition, reward and relapse. For instance, NeuroD expression in the DG is responsible for opioid-induced regulation of contextual memory extinction (Zheng et al., 2013) . More recently, it was found that Orexin A-mediated signaling in DG promotes the acquisition and maintenance of morphine-induced conditioned place preference (CPP) (Guo et al., 2016) . Thus, the hippocampal DG is critical for the association between drug experience and reward.
The crucial role of DG in drug memories and other cognitive functions and disorders is further confirmed by studies of adult neurogenesis, a robust form of neural plasticity observed throughout adulthood (Apple et al., 2017; Goncalves et al., 2016; Kempermann et al., 2015) . During adult neurogenesis, neural stem/progenitor cells (NSPCs) in the subgranular zone (SGZ) of DG proliferate and differentiate into newborn neurons and glial cells via asymmetric cell division (Abrous et al., 2005; Apple et al., 2017; Goncalves et al., 2016) . A number of addictive drugs, such as opioids, cocaine, cannabinoids and alcohol, have been shown to regulate adult neurogenesis via a variety of different mechanisms, including the proliferation, differentiation and survival of NSPCs and their offspring . For example, morphine modulates neuronal differentiation of adult NSPCs in mouse DG via a mechanism involving NeuroD1, which further regulates contextual memory extinction . While cocaine, cannabinoids and alcohol were reported to regulate adult neurogenesis via either inhibiting NSPC proliferation or enhancing its apoptosis .
Despite the various mechanisms that mediate adult hippocampal neurogenesis by addictive drugs, there are common pathways regulated by a series of crucial signaling molecules that lead to NSPC regulation . These molecules include GPCRs, protein kinases, along with transcription factors and regulators that are essential to NSPC proliferation and differentiation. For example, members of the protein kinase C (PKC) family regulates adult neurogenesis, not only by mediating NF-κB activation (Bortolotto et al., 2014) , but also by activating the CREB-binding protein (CBP) (Wang et al., 2012) . Prospero homeobox protein 1 (Prox1), a transcription factor necessary for NSPC proliferation and differentiation, is recently recognized as a key crosstalk point between the diverse signaling pathways that regulate adult neurogenesis, thus representing a central node in NSPC fate machinery (Lavado et al., 2010; Stergiopoulos et al., 2014) . Therefore, by thoroughly studying the roles of the crucial signaling molecules including PKC and Prox1, the mechanisms adopted by addictive drugs in controlling hippocampal functions, from adult neurogenesis to contextual memory, can be elucidated.
CPP and Morris water maze (MWM) are two behavioral paradigms that are widely used to assess the effects of addictive drugs. CPP is frequently conducted in rodents to examine not only the abuse liability, but also neurochemical and neuropharmacological mechanisms and consequences underlying the action of clinical used drugs of abused (Nader, 2016) . In the past decade, the CPP paradigm has also been used to determine crucial factors, either environmental or social, that influence vulnerability to drug abuse, thus supporting the clinical studies of drug addiction (Trezza et al., 2010; Watanabe, 2011) . MWM is an extensively used paradigm for investigating spatial learning and memory, due to the relationship between performance in the MWM and drug effects (Vorhees and Williams, 2006) . In the context of drug addiction, MWM performance is an essential index of clinical effects of addictive drugs, such as morphine, heroin and cocaine, on alternation of spatial memory (Kibaly et al., 2016; Mendez et al., 2008; Tramullas et al., 2008; Zheng et al., 2013) . Therefore, in the present study, we used CPP and MWM as two major behavioral paradigms to assess the effects of morphine and fentanyl, and to reveal the underlying mechanisms.
Previously, we have focused on the effects of two μ-opioid receptor (OPRM1) agonists, morphine and fentanyl, on both NSPC differentiation and neurogenesis in the DG of adult mice, and demonstrated that morphine, but not fentanyl, was capable of inhibiting adult neurogenesis by facilitating astrocyte-preferential differentiation NSPCs (Xu et al., 2014) . This effect was mediated by the miR-181a/Prox1/Notch1 pathway, which is a result of the different mechanisms of the two agonists in ERK activation. Morphine activates ERK via the PKCε-dependent pathway, thus leading to the phosphorylation of TAR RNAbinding protein (TRBP) and stabilization of the TRBP/Dicer complex, which in turn contributes to the maturation of miR-181a-5p. On the other hand, fentanyl activates ERK via the β-arrestin-dependent pathway, and therefore shows no effect on lineage-specific differentiation of NSPCs (Xu et al., 2015) . The critical roles of PKCε and Prox1 in mediating morphine's effect on NSPC fate determination suggest their involvement in drug behaviors of addicted animals. To test this hypothesis, we used CPP paradigm to assess the acquisition, extinction and reinstatement of drug behavior, and MWM to examine the spatial learning of mice. Also, in correspondence with previous in vitro studies, we compared the in vivo effects of both morphine and fentanyl in signaling molecule expression, NSPC differentiation and behavioral tasks.
Materials and methods

Animals
Adult C57BL/6J wild type, PKCε KO and heterozygous mice were bred from pairs of hybrid (50% C57BL/6, 50% 129S4) mice heterozygous for the mutant PKCε gene as previously described (Khasar et al., 1999; Schuster et al., 2013) , and were gifts from Dr. George Wilcox. PKCε KO and wildtype littermates were used in individual experiments. All mice were maintained on a 12 h light/dark cycle with food and water available ad libitum. Experiments were conducted on eight-weekold male mice (30-35 g). Animal maintenance and procedures were conducted according to the National Institutes of Health guidelines and the Institutional Animal Care and Use Committee (IAUCUC) policies at the University of Minnesota.
Quantitative reverse transcription PCR (qRT-PCR)
The total RNAs were extracted and reverse transcribed with the miScript system (Qiagen, Germany). qRT-PCR was performed according to the instructions in the miScript system, which included a SYBR Green PCR kit (Qiagen). GAPDH was used as an internal control. Primer sets used in qRT-PCR assays are listed in the supporting information Table  S2 .
Western-blot assay
The western-blot assay was performed as described previously (Kibaly et al., 2016) . Briefly, hippocampal protein samples of 8-weekold adult male mice were immunoblotted with antibodies listed in Table S1 . Chemifluorescence was detected by using the ECF Reagent (GE Healthcare, UK) and the fluorescence intensity was measured with Storm 860 Molecular Imager (GE Healthcare). The intensity of individual bands was determined with ImageQuant software (GE Healthcare).
Lentivirus construction
A Lentiviral construct expressing Prox1 cDNA was prepared as described previously Zheng et al., 2010b) , with some modifications. The lentiviral vector pLenti-Nestin was a gift from Dr. Hui Zheng , and the Prox1 cDNA was inserted into the multiple cloning site downstream of the Nestin promoter. A corresponding negative control construct was obtained from University of Minnesota Genomics Center. Virus constructs were assembled in HEK293FT cells using the BLOCK-iT™ Lentiviral RNAi Expression System (Invitrogen, Grand Island, NY). Viral titers were determined in primary NSPCs.
Stereotaxic surgery
The lentivirus was injected by stereotaxic surgery as described previously Zheng et al., 2013) . Mice were anesthetized with isoflurane inhalation and a hole of 0.5 mm was drilled (AP: −1.95 mm; ML: ± 1.00 mm, DV: −2.00 mm). Virus microinjection was made through a 28-gauge needle connected to a flexible tube filled with virus. 2 μl of virus was infused using a micro-syringe pump controller, at a constant rate of 0.2 μl/min.
Bromodeoxyuridine (BrdU) labeling and immunohistochemistry
BrdU labeling and immunohistochemistry were performed as previously described (Xu et al., 2014; Zhang et al., 2016) , with slight modifications. Briefly, mice were habituated for one day (day 0) and injected with BrdU (200 mg/kg, i.p.) for three consecutive days (day 1-3) and experienced CPP training for four days (day 4-7). Mice were sacrificed after CPP training (day 8) (Fig. 3A) , deeply anesthetized with pentobarbital sodium, and perfused with 0.9% saline followed by 4% paraformaldehyde. 30 μm coronal sections were cut through the dentate gyrus of the hippocampus (−0.82 to −3.70 mm post bregma) with a cryostat and every eighth section across the hippocampus was stained with antibodies listed in Table S1 . Sections were mounted on slides with DAPI Fluormount G (SouthernBiotech, Birmingham, AL) and visualized using a CCD camera connected to a Leica DM5500 B upright microscope (Leica, Germany).
Cell quantification
To quantify the total number of fluorescent-positive cells in the DG, every 8th sections was mounted on the same slide, and the images of every section on the same slide throughout the dentate were captured (8-10 sections in total). The number of BrdU 
Conditioned place preference (CPP)
The CPP paradigm was carried out in a three-chamber apparatus supplied by Panlab (Harvard Apparatus, Holliston, MA) according to the unbiased CPP protocol (Cunningham et al., 2006 ) and modified as previously described . Briefly, in the habituation stage (day 1-2), mice were allowed free access to all three chambers for 15 min per day. On day 3, the place preference between two chambers (black and white) was tested and recorded as a pre-conditioning preference. Mice with strong bias to one of the chambers were rejected from the subsequent study, whereas the rest were trained with saline or morphine for four consecutive days (day 4-7), received a saline injection subcutaneously in the morning before spending 30 min in one chamber (black or white, randomly chosen), and then received either 5 mg/kg morphine or an equal volume of saline injection (s.c.) in the afternoon, before spending another 30 min in the complementary chamber. On day 8, mice were tested for post-conditioning preference. During the extinction stage, the place preference of each mouse was tested every 7 days until no significant preference was detected in two continuous tests (Fig. 3A) . ANY-maze software (Stoelting, Wood Dale, IL) was used to analyze the behavior of mice in the apparatus. The CPP score of each individual mouse was calculated by subtracting the preconditioning preference score (time spent in the drug-paired chamber before training) from the post-conditioning preference score (time spent in the drug-paired chamber after training).
Morris water maze (MWM)
The MWM task was carried out as previously reported (Vorhees and Williams, 2006) . In the acquisition session, mice were trained for 5 days in the water maze (122-cm diameter) with the platform (10-cm diameter) submerged in the SW quadrant. ANY-maze software was used to analyze the behavior of mice. Probe tests were performed every 4 days until the mice spent an equal amount of time in each quadrant.
Statistical analysis
Data represent mean ± SEM of at least three separate experiments (non-behavioral tests) or eight individual animals (behavioral tests). Statistical differences between values from two groups were determined using unpaired Student's t tests, whereas statistical differences between three or more groups were analyzed using analyses of variance (ANOVAs) followed by Newman-Keuls post hoc comparisons. Data of three-and four-way ANOVAs were analyzed using SPSS 24 (IBM, NY), and all other statistical and curve-fitting analyses were performed using Prism 7.0 (Graphpad Software, La Jolla, CA). A difference of p < 0.05 was considered statistically significant.
Results
Morphine modulates in vivo expression of crucial molecules in NSPC lineage determination via a PKCε-mediated pathway
In our earlier studies, we have demonstrated that morphine was able to induce cell lineage changes during NSPC differentiation by modulating the expression of a series of crucial regulators and markers, including Tuj1, GFAP, Prox1, Notch1 and miR-181a-5p, during NSPC differentiation, whereas fentanyl had no such effects (Xu et al., 2014 (Xu et al., , 2015 . However, these results were not thoroughly tested by in vivo studies. Therefore, in the current work, we first examined whether the in vivo expression of these molecules in mouse hippocampus, on both mRNA and protein levels, are differentially regulated by morphine and fentanyl via the same pathway. Doublecortin (DCX) was used instead of Tuj1 to indicate immature neurons, due to its in vivo expression of extended periods . As shown in Fig. 1 , in hippocampi of wildtype mice, morphine significantly downregulated both mRNA and protein levels of DCX and Prox1, whereas increased the levels of GFAP, Notch1 and miR-181a-5p. However, these effects of morphine were eliminated in PKCε knockout mice. On the other hand, injection of fentanyl showed no significant effect. These results indicate a similar mechanism by which morphine regulates in vivo differentiation of hippocampal NSPCs via PKCε-mediated pathway, as those observed in our reported in vitro studies.
Morphine promotes in vivo astrocyte-preferential differentiation of mouse hippocampal NSPCs via a PKCε-mediated pathway
Our previous study has shown that morphine, but not fentanyl, promotes astrocyte-preferential differentiation of primary NSPCs via PKCε-mediated ERK phosphorylation (Xu et al., 2015) . For further confirmation, we next examined the lineages of differentiated hippocampal NSPCs after injection of morphine and fentanyl, both in wildtype and PKCε knockout mice, by using bromodeoxyuridine (5-bromo-2′-deoxyuridine, BrdU) labeling assay. As shown in Fig. 2A , animals received BrdU injection (200 mg/kg, i.p.) on days 1-3 and a following CPP training with morphine, fentanyl or an equal volume of saline on days 4-7, and the fates of BrdU-positive cells were analyzed by immunohistochemistry ( Fig. 2B and C) . In wildtype mice, morphine treatment resulted in a significant decrease in the number of new-born immature (BrdU PKCε knockout mice, however, the numbers of BrdU + DCX + and BrdU + GFAP + cells restored to similar levels as those of saline-treated mice. Fentanyl showed no significant effect in modulating the NSPC lineage. For clearance, a three-color figure was provided by staining BrdU, DCX and GFAP, which showed similar results (Fig. S1) . Together, Fig. 1 . In vivo expression of crucial molecules in NSPC lineage determination after OPRM1 agonist administration in wildtype and PKCε KO mice.
(A-E) The mRNA levels of DCX (A), GFAP (B), Prox1 (C), Notch1 (D) and the expression of miR-181a-5p in the hippocampi of both wildtype and PKCε KO mice were determined by qRT-PCR after the administration of 5 mg/kg morphine or 50 μg/kg fentanyl for 4 consecutive days. The results were normalized against the level of GAPDH, and further normalized against the result obtained from the saline wildtype group (set as 100%). All data represent the mean ± SEM of four independent experiments. Significant differences among groups were determined using one-way analyses of variance, followed by Newman-Keuls post hoc comparisons. *, p < 0.05 compared to the saline wildtype group; #, p < 0.05 compared to the morphine PKCε KO group. (F) The protein levels of DCX, GFAP, Prox1 and Notch1 in the hippocampi of both wildtype and PKCε KO mice were determined by western-blot. The results were normalized against the level of β-actin, and further normalized against the result obtained from the saline wildtype group. (G-J) Quantification of DCX (G), GFAP (H), Prox1 (I) and Notch1 (J) protein levels. All data represent the mean ± SEM of four independent experiments. Significant differences among groups were determined using one-way analyses of variance, followed by Newman-Keuls post hoc comparisons. *, p < 0.05 compared to the saline wildtype group; #, p < 0.05 compared to the morphine PKCε KO group. WT, wildtype; KO, knockout. groups were determined using one-way analyses of variance, followed by Newman-Keuls post hoc comparisons. *, p < 0.05 compared to the saline wildtype group; #, p < 0.05 compared to the morphine wildtype group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
these results indicate that morphine induces astrocyte-preferential differentiation via PKCε-mediated pathway.
3.3. PKCε knockout results in prolonged extinction phase and enhanced reinstatement of morphine-but not fentanyl-induced CPP Since the differentiation of adult hippocampal NSPCs may contribute to the formation of contextual memory, which is in turn related to drug acquisition and relapse Zheng et al., 2013) , we therefore infer that morphine and fentanyl may also regulate CPP response in an agonist-selective way, due to their different effects in NSPC differentiation. Wildtype and PKCε knockout mice were trained for 4 consecutive days, during which they received injection of either morphine or fentanyl, and an equal volume of saline (Fig. 3A) . As shown in Fig. 3B , although mice of all groups showed no significant difference in CPP acquisition on day 8 (two-way ANOVA, effect of treatment: F 1, 28 = 2.79, p > 0.05; effect of genotype: F 1, 28 = 0.31, p > 0.05), a dramatic difference between extinction rates of morphineand fentanyl-induced CPP was discovered in wildtype mice (F 1, 56 = 144.1, p < 0.001). In PKCε knockout mice, the extinction rate morphine-induced CPP was significantly decreased (F 1, 56 = 77.73, p < 0.01), while the extinction rate of fentanyl-induced CPP remained constant between mice of both genotypes (F 1, 154 = 0.04, p > 0.05).
As the reinstatement of extinguished CPP response is a widely-accepted measurement for craving and relapse of addictive drugs (Shalev et al., 2002; Zheng et al., 2013) , we tested drug-primed CPP reinstatement of all mice, 7 days after total extinction of each group. As shown in Fig. 3C , in wildtype mice, the reinstatement magnitude of morphine-induced CPP was significantly lower than that of fentanylinduced CPP, while in PKCε knockout mice, the reinstatement magnitude was significantly increased. Thus, we may conclude that morphine and fentanyl control drug-induced contextual memory in an agonistselective manner, and that PKCε plays an essential role in modulating the extinction and reinstatement, but not acquisition, of morphine-induced CPP response.
Morphine modulates the extinction of spatial reference memory via a PKCε-dependent pathway
We then used MWM task to determine the effect of morphine and fentanyl, as well as the role of PKCε in regulating overall contextual memory. Wildtype and PKCε knockout mice were subcutaneously injected daily with morphine, fentanyl or an equal volume of saline, for 5 consecutive days, and trained in the water maze apparatus on days 1-5 (Fig. 4A) . Three-way ANOVAs on swimming latency and distance to the hidden platform during the training session revealed no significant treatment × genotype × day interactions ( (Fig. 4B and C) . The extinction of spatial reference memory was tested until the conditioned response was totally diminished (no significant difference between the target and other quadrants). As shown in Fig. 4D and E, in wildtype mice, morphine treatment resulted in a significantly higher rate of memory extinction compared to saline and fentanyl (time: F 2, 84 = 89.88, p < 0.001; distance: F 2, 84 = 76.05, p < 0.001). In PKCε knockout mice, however, the spatial reference memory extinction phase was dramatically prolonged (time: F 1, 56 = 142.00, p < 0.001; distance: F 3, 56 = 123.60, p < 0.001). There was no significant difference on memory extinction between saline-, morphine-and fentanyl-treated mice (time: F 2, 147 = 0.80, p > 0.05; distance: F 2, 147 = 0.70, p > 0.05) ( Fig. 4D and E) . Fentanyl had no significant effect on the rate of memory extinction in mice of either genotype (time: F 3, 196 = 1.09, p > 0.05; distance: F 3, 196 = 0.04, p > 0.05). These results suggest that morphine, but not fentanyl, affects the retention but not acquisition of spatial reference memory via a PKCε-dependent (A) Timeline of the CPP paradigm. After 3 days of habituation and preconditioning (days 1-3), wildtype and PKCε knockout mice were trained for 4 consecutive days (days 4-7), during which they received injection of either morphine (5 mg/kg, s.c.) or fentanyl (50 μg/kg, s.c.), and an equal volume of saline. All animals were than tested every 7 days from day 8 in the CPP apparatus until the place preference extinguished. CPP reinstatement was tested after total extinction. (B) The CPP scores of wildtype and PKCε knockout mice treated with morphine or fentanyl during the acquisition and extinction sessions. Error bars represent SEM (N = 8). Significant differences among groups were determined using two-way analyses of variance, followed by Newman-Keuls post hoc comparisons. (C) The CPP scores of wildtype and PKCε knockout mice treated with morphine or fentanyl at reinstatement. Error bars represent SEM. N = 8. Significant differences among groups were determined using Student's t tests. *, p < 0.05 compared to the morphine wildtype group. pathway, which agrees with the conclusion from CPP trials.
PKCε/Prox1 mediates morphine-induced in vivo lineage-preferential differentiation of mouse hippocampal NSPCs
Our previous in vitro studies have demonstrated that Prox1 is a major regulator downstream of PKCε, which is down-regulated upon morphine-induced activation of OPRM1 (Xu et al., 2014 (Xu et al., , 2015 . Therefore, we then examined the effect of Prox1 on lineages of NSPCs in mouse DG. In order to exclusively increase the expression of Prox1 in Nestin-expressing hippocampal NSPCs, the lentiviruses that express either the negative control oligonucleotide (control-vir) or Nestin-promoter-controlled Prox1 cDNA (Nestin-Prox1-vir) was stereotaxically injected into hippocampi of both wildtype and PKCε knockout mice. The position of the stereotaxical injection was tested (Fig. S2A ) and the expression of Prox1-EGFP delivered by the lentivirus was found in approximately 68% of all Nestin-expressing cells in the hippocampus (Fig.  S2B) . After the surgery, all mice experienced a resting period of 7 days in their home cages before receiving BrdU injection (Fig. 5A ). As shown in Fig. 5B and C, morphine treatment resulted in a significant decrease in BrdU + DCX + cell population and an increase in astrocyte (BrdU + GFAP + ) population in all wild type mice injected with either control-vir or Nestin-Prox1-vir, compared to saline-treated mice, but had no effect on PKCε knockout mice. On the other hand, Nestin-Prox1-vir facilitated neuronal differentiation of NSPCs by dramatically increasing immature neuron population and decreasing astrocyte population in mice with both genotypes and treatments (three-way ANOVA, effect of virus: F 1, 56 = 72.49, p < 0.001; F 1, 56 = 99.45, p < 0.001; effect of genotype: F 1, 56 = 15.17, p < 0.001; F 1, 56 = 21.96, p < 0.001; effect of treatment: F 1, 56 = 28.25, p < 0.001; F 1, 56 = 25.65, p < 0.001). Thus, probably, morphine facilitates in vivo astrocyte-preferential differentiation of hippocampal NSPCs via the PKCε/Prox1 pathway. (A) Timeline of the MWM paradigm. Wildtype and PKCε knockout mice were subcutaneously injected daily with 5 mg/kg morphine, 50 μg/kg fentanyl or an equal volume of saline, for 5 consecutive days (days −5 to −1). After being habituated for 1 day (day 0), all mice were trained in the water maze apparatus for 5 consecutive days (days 1-5). The probe-test was repeated every 4 days until the conditioned response was totally diminished. (B-C) The time spent (B) and distance covered (C) before finding the hidden platform during the training session of the MWM paradigm. Error bars represent SEM. N = 8 for each group. Significant differences among groups were determined using three-way analyses of variance, followed by Newman-Keuls post hoc comparisons. (D-E) The time spent (D) and distance covered (E) in the target quadrant during the probe tests in the extinction session. Error bars represent SEM. N = 8 for each group. Significant differences among groups were determined using three-way analyses of variance, followed by Newman-Keuls post hoc comparisons. **, p < 0.01; ***, p < 0.001 compared to all other groups on the same day.
PKCε/Prox1 regulates the extinction and reinstatement of morphineinduced contextual memory of adult mice
Due to the role of Prox1 in mediating adult NSPC differentiation in mouse hippocampus, we further examined its effect on morphine-induced contextual memory. After the stereotaxical injection of controlvir or Nestin-Prox1-vir, all mice were housed in their home cages for 7 days during the recovery period before the CPP paradigm (Fig. 6A) . No significant difference was found between various groups in CPP acquisition (two-way ANOVA, effect of virus: F 2, 42 = 0.80, p > 0.05; effect of genotype: F 1, 42 = 0.09, p > 0.05), whereas the injection of Nestin-Prox1-vir dramatically decreased CPP extinction rates of both wildtype (F 2, 84 = 29.25, p < 0.001) and PKCε knockout mice (F 2, 189 = 17.04, p < 0.001) (Fig. 6B) . As shown in Fig. 6C , PKCε knockout was able to dramatically increase the magnitude of CPP reinstatement, and the injection of Nestin-Prox1-vir enhanced the reinstatement of both wildtype and PKCε knockout mice (two-way ANOVA, effect of virus: F 2, 42 = 8.29, p < 0.001; effect of genotype: F 1, 42 = 19.54, groups were determined using three-way analyses of variance, followed by Newman-Keuls post hoc comparisons. *, p < 0.05 compared to the saline-treated wildtype mice injected with the same virus; #, p < 0.05 compared to the morphine-treated wildtype mice injected with control virus; &, p < 0.05 compared to the morphine-treated mice injected with control virus, and with the same genotype. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) p < 0.001). Together, these results indicate that the PKCε/Prox1 pathway is crucial to both extinction and reinstatement of morphineinduced contextual memory.
3.7. PKCε/Prox1 regulates morphine-modulated extinction of spatial reference memory in adult mice
We next examined the role of PKCε/Prox1 pathway in spatial reference memory by using the MWM paradigm. The control-vir and Nestin-Prox1-vir were injected into the hippocampi of all mice (day −13), followed by a 7-day resting period (Fig. 7A) . No significant difference in swimming latency was found during the training session (four-way ANOVA, effect of genotype: F 1, 280 = 0.10, p > 0.05; effect of virus: F 1, 280 = 0.01, p > 0.05; effect of treatment: F 1, 280 = 1.03, p > 0.05), indicating no effect of genotype or virus injection on the acquisition of spatial memory (Fig. 7B) . During the extinction session, however, both PKCε knockout and Nestin-Prox1-vir injection gave rise to significantly lower rate and prolonged period of spatial memory extinction, either in saline-or morphine-treated mice (four-way ANOVA, effect of genotype: F 1, 224 = 136.47, p < 0.001; F 1, 224 = 63.51, p < 0.001; effect of virus: F 1, 224 = 314.59, p < 0.001; F 1, 224 = 151.20, p < 0.001; effect of treatment: F 1, 224 = 106.26, p < 0.001; F 1, 224 = 47.04, p < 0.001). Moreover, in PKCε knockout mice injected with Nestin-Prox1-vir, an even lower extinction rate compared to the control group (wildtype mice injected with control-vir and treated with saline) was observed ( Fig. 7C and D) , suggesting a cooperating mechanism between PKCε knockout and Prox1 overexpression, which was confirmed by the significant genotype × virus interaction (time: F 1, 224 = 4.94, p < 0.05; distance: F 1, 224 = 4.77, p < 0.05). Data of all groups are shown as track plots during the third probe (day 14), when the discrepancy between groups were most significant (Fig. 7E) . These results indicate an essential role of the PKCε/ Fig. 6 . PKCε/Prox1 regulates the extinction and reinstatement of morphine-induced CPP of adult mice. (A) Timeline of the CPP paradigm with lentivirus injection. The lentivirus was stereotaxically injected into hippocampi of both wildtype and PKCε knockout mice 7 days before the pre-conditioning session (day −7). (B) The CPP scores of wildtype and PKCε knockout mice injected with saline (no virus), control virus (con-vir) or Nestin-promoter-controlled Prox1 cDNA (NestinProx1-vir) and treated with morphine during the acquisition and extinction sessions. Error bars represent SEM (N = 8). Significant differences among groups were determined using two-way analyses of variance, followed by Newman-Keuls post hoc comparisons. (C) The CPP scores of wildtype and PKCε knockout mice injected with saline, con-vir or Nestin-Prox1-vir, and treated with morphine at reinstatement. Error bars represent SEM. Significant differences among groups were determined using two-way analyses of variance, followed by Newman-Keuls post hoc comparisons. N = 8; *, p < 0.05 compared to groups of the same genotype injected with saline or control-vir. #, p < 0.05 compared to wildtype mice injected with the same virus.
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Discussion
In this study, we examined the in vivo effects of morphine on adult hippocampal neurogenesis and contextual memory tasks. In combination with our earlier works (Xu et al., 2014 (Xu et al., , 2015 , we have demonstrated in molecular, cellular and behavioral levels that morphine regulates the contextual memory of adult mice by modulating the lineage of NSPC differentiation in the DG, which is dependent on PKCε/ Prox1 activity. NSPC differentiation in adult DG mainly contributes to adult neurogenesis, a process during which newborn neurons are generated and incorporate into the existing neural circuitry, and recognized as a robust form of neural plasticity (Aimone et al., 2014; Goncalves et al., 2016; Spalding et al., 2013) . During the past decade, it has been demonstrated that adult neurogenesis contributes to learning and memory, and is associated to a number of neurological and psychiatric diseases (Aimone et al., 2014; Goncalves et al., 2016) . Thus, it is reasonable to hypothesize that PKCε/Prox1 regulates drug-related contextual memory by mediating adult neurogenesis and the plasticity of neural circuitry in adult DG. In recently reported studies, it was reported that adult neurogenesis is essential to the cocaine addiction circuit (Castilla-Ortega et al., 2016b) , thus contributing to cocaine-related maladaptive cognition (Castilla-Ortega et al., 2017) and modifies cocaine-conditioned CPP (Castilla-Ortega et al., 2016a; Noonan et al., 2010 ). In our current study focusing on opioid receptor agonists, we found that morphine activates PKCε and thereby suppresses Prox1 expression, thus resulting in decreases adult neurogenesis, which in turn gives rise to impaired retention and reinstatement of drug-associated memory. By manipulating PKCε/Prox1 activity via drug administration or lentivirus injection, we were able to modify the retention of contextual memory and relapse of addictive drugs. As adult neurogenesis and drug-associated contextual memory is crucial to psychological dependence in drug addiction (Canales, 2007) , our current findings may contribute to novel treatments for drug abuse in the future.
The conclusion of our current study that morphine regulates drug memory retention by inhibiting adult neurogenesis is consistent with previous studies showing that morphine attenuates drug memory retention and reinstatement by inhibiting the differentiation of neural progenitor cells in adult DG (Zheng et al., 2013) . This effect of morphine was demonstrated to be a result of its incapability of activating NeuroD1 via regulation of miR-190 (Zheng et al., 2010c (Zheng et al., , 2013 . In combination with our earlier studies, it is clear that the agonist-selective manner of OPRM1 agonists in regulating adult neurogenesis, and thereby the contextual memory, is mediated by dual mechanisms. On the one hand, morphine regulates cell lineages during NSPC differentiation by activating the PKCε-dependent miR-181a-5p/Prox1/ Notch1 pathway via a post-transcriptional mechanism that modulates the processing and maturation of miR-181a-5p. On the other hand, fentanyl activates ERK a β-arrestin-dependent manner, which accounts for its incapability of modulating Notch1, and in turn, the lineage of NSPCs (Xu et al., 2014 (Xu et al., , 2015 . However, the β-arrestin-dependent ERK phosphorylation induced by fentanyl might lead to the activation miR-190/NeuroD1 pathway, by facilitating the phosphorylation of Yin Yang 1 (YY1), which may also contribute to alterations of adult neurogenesis (Zheng et al., 2008 (Zheng et al., , 2010a (Zheng et al., , 2013 . Our current study also confirms the putative common GPCR/miRNA modulating pathway that we proposed earlier, which is a crucial mechanism of NSPC regulation by addictive drugs . Furthermore, due to the revealed association between NeuroD1 and Notch1 in controlling neurogenesis (Seo et al., 2007) , it is reasonable to infer the crosstalk between, or even a complicated network that encompass both pathways. Since a number of other molecules, such as paired-box 6 (Pax6) (Maekawa et al., 2005) , Neurogenin 2 (Ngn2) (Galichet et al., 2008) , or other microRNAs (Chandrasekar and Dreyer, 2009) , were demonstrated to be related to the two pathways, this potential neurogenesis-regulating network might expand with further research on adult neurogenesis.
By using the Nestin promoter, we were able to limit the overexpression of Prox1 in early-stage NSPCs in the adult DG. Although the maturation of NSPCs is reported to be a crucial step in the formation of new neural circuitry (Bortolotto and Grilli, 2017) , our findings nevertheless establish the essentiality of early-stage NSPCs in determining cell lineages, adult neurogenesis, and finally the behavior of adult animals. This is consistent with a previous study demonstrating that NeuroD1 regulates opioid tolerance via a time-dependent pathway through contextual learning, which was carried out by overexpressing Neurod1 and miR-190 driven by the same Nestin promoter . Thus, the early-stage NSPC in the adult DG may play roles in multiple functions, from anti-nociceptive tolerance to drug memory retention, and is therefore an intriguing potential target for the treatment of neurogenesis-related neural malfunctions.
Although we have demonstrated the effect of Prox1 on adult neurogenesis and memory of the drug experiences during CPP and MWM paradigms, it is still uncertain which sessions of the behavioral tasks are crucial for the modulation of drug-associated contextual memory. Also, since the total time courses of both paradigms (> 35 days) are even longer than the entire process of adult neurogenesis (Kempermann et al., 2015) , it is difficult to rule out the probability that the behavioral changes observed might be a result of natural neurogenesis during such a long period, rather than an effect of Prox1 overexpression. Therefore, it is necessary to examine the effect of Prox1 during acquisition, extinction and retrieval of the CPP paradigm, along with pre-training, training and probe-tests of the MWM paradigm, in order to delineate the temporal effects of Prox1 during the entire process of the contextual memory tasks. This goal should be accomplished by using the inducible expression system in the future, so that a more detailed mechanism on drug-mediated contextual memory would be revealed.
It is worth noting that all data in the present study were obtained in mice. However, the significance of the study could be undermined by the potential discrepancies in the mechanisms between rodents and human, and moreover, by the current controversy over the persistence of human hippocampal neurogenesis (Boldrini et al., 2018; Sorrells et al., 2018) . Sorrells et al. discovered an early decline of hippocampal neurogenesis throughout human childhood, which finally reaches an undetectable level after adolescence, thus raising questions about the Fig. 7 . PKCε/Prox1 regulates morphine-modulated extinction of spatial reference memory in adult mice. (A) Timeline of the MWM paradigm with lentivirus injection. The lentivirus was stereotaxically injected into hippocampi of both wildtype and PKCε knockout mice 8 days before agonist administration (day −13). (B) The time spent before finding the hidden platform during the training session of the MWM paradigm. Error bars represent SEM. N = 8 for each group. Significant differences among groups were determined using four-way analyses of variance, followed by Newman-Keuls post hoc comparisons. WT: wildtype; Mor: morphine; Sal: saline; Con: control; KO: knockout. (C-D) The time spent (C) and distance covered (D) in the target quadrant during the probe tests in the extinction session. Error bars represent SEM. N = 8 for each group. Significant differences among groups were determined using four-way analyses of variance, followed by Newman-Keuls post hoc comparisons. *, p < 0.05; **, p < 0.01; ***, p < 0.001. The asterisks designate the significant differences of the "WT Mor Con-vir", "WT Sal Nestin-Prox1-vir", "PKCε KO Sal Nestin-Prox1-vir" and "PKCε KO Mor Nestin-Prox1-vir" groups compared to all other groups. (E) Track plots of wildtype and PKCε KO mice injected with saline, con-vir or Nestin-Prox1-vir, and treated with morphine during the third probe test (day 14). The southwest (third) quadrant is the target quadrant where the platform was previously located during training. different functions of DG between humans and other species, and even the existence of adult neurogenesis in human brain (Sorrells et al., 2018) . However, Bodrini et al. showed the contrary by analyzing postmortem brains, as adult neurogenesis persists in healthy adult humans of 14-79 years old (Boldrini et al., 2018) . This controversy may stem from a series of issues, especially the technical issues. First, the postmortem delay of as long as 48 h in the study of Sorrells et al. may give rise to significant inaccuracy of marker studies, whereas the results of Bodrini et al. are more accurate (< 26 h). Second, Sorrells et al. used tissue from epilepsy surgery, which may have severe damage to the neurogenic niche. Third, the sparse DCX-positive cell may not represent all NSPCs in DG, thus resulting in underestimated quantification of neurogenesis (Kempermann et al., 2018) . Finally, even in the cases of early decline of neurogenesis, there is still possibility that such function might recover due to activities and administration of certain neurogenic drugs (van Praag et al., 1999; Zhang et al., 2017) . Therefore, more parameters other than histological studies, such as behavioral studies of humans, are needed for increasing the accuracy of human neurogenesis quantification in the future.
Apart from their differences in extinction of drug-associated memory and spatial memory, the two opioids, morphine and fentanyl, were found to perform differentially in the context of clinical practice, especially in the treatment of chronic pain of humans. For example, despite the similar analgesic efficacies of both drugs, fentanyl has 80-100 times more potency than morphine, along with its faster onset and shorter duration of analgesic effect (Vallejo et al., 2011) . The two opioids also differ in immune opioid actions, as the immunoregulatory actions of morphine is not shared with fentanyl, which does not influence nitric oxide release or cell adhesion (Bilfinger et al., 1998) . We may infer that these clinical differences might attribute to their preferred signaling pathways that lead to differential effects on adult neurogenesis, but this relevance needs to be confirmed by further investigation.
In conclusion, our current work demonstrated that one could modulate the extinction and reinstatement of morphine-induced contextual memory, indicating a potential target for drug addiction treatment. It is our future aim to elucidate a more detailed network that control adult neurogenesis and drug memory, in order that more practical treatments of drug abuse could be developed.
Funding
